Androgens exert growth inhibitory effects on estrogen receptor and progesterone receptor-negative breast cancer cell lines that show androgen receptor expression. These laboratory findings may be translated into inexpensive alternative therapies for hormone receptor-negative invasive breast cancers. Our aim was to systematically evaluate androgen receptor expression by immunohistochemistry in invasive breast cancers. Androgen receptor (clone AR441, Dako) expression was analyzed on 189 well-characterized consecutive invasive breast carcinomas represented with threefold redundancy on tissue microarrays. Androgen receptor expression was semi-quantitated using a histochemical score-like method and a score 410 was considered positive. Of the 189 consecutive invasive breast cancers, 151 (80%) were positive and 38 (20%) were negative for androgen receptor. The majority (95%) of estrogen receptor-positive tumors were also androgen receptor positive. Of the estrogen receptor-negative tumors, androgen receptor reactivity was seen in 3 of 30 (10%) triple-negative cases and in 5/8 (63%) estrogen receptor-negative/progesterone receptor-negative/HER2 þ cases. Six of eight estrogen receptor-negative/androgen receptor-positive cases showed apocrine differentiation. Androgen receptor expression in estrogen receptor-positive cases was associated with smaller tumor size (P ¼ 0.0001), lower Nottingham grade (P ¼ 0.002) and less frequent tumor cell necrosis (P ¼ 0.0001). Androgen receptor expression in estrogen receptor-negative tumors was associated with lower Nottingham grade (P ¼ 0.005) and apocrine differentiation (P ¼ 0.039). In conclusion, most estrogen receptor-positive breast tumors also express androgen receptor. Androgen receptor expression in estrogen receptor-negative/ progesterone receptor-negative/HER2 þ tumors (which commonly show apocrine differentiation) and a subset of triple -negative apocrine tumors suggest that these tumors together comprises the 'molecular apocrine' group described previously. However, these findings should be further confirmed on larger series of triplenegative and estrogen negative/progesterone negative/HER2 þ tumors. Androgen receptor-targeted therapy in estrogen/progesterone receptor-negative tumors may provide an inexpensive alternative to usual high-dose chemotherapy with or without trastuzumab. Keywords: androgen receptor; breast carcinoma; apocrine differentiation Breast cancer represents a diverse group of tumors that vary in clinical behavior and response to therapy. Currently, invasive breast cancer is treated by multi-modality therapy. Approximately 75% of breast cancers are positive for estrogen (ER) and/or progesterone (PR) receptor protein expression. This group of tumors is generally responsive to selective estrogen receptor modulators, 1 with relative resistance seen in a subset of tumors co-expressing HER2.
Breast cancer represents a diverse group of tumors that vary in clinical behavior and response to therapy. Currently, invasive breast cancer is treated by multi-modality therapy. Approximately 75% of breast cancers are positive for estrogen (ER) and/or progesterone (PR) receptor protein expression. This group of tumors is generally responsive to selective estrogen receptor modulators, 1 with relative resistance seen in a subset of tumors co-expressing HER2. 2 The remaining 20-25% of breast cancers are ER and PR negative and are not amenable to selective estrogen receptor modulators. This hormone receptor-negative group includes triple-nega-tive tumors (negative for ER, PR and HER2) and a subset of tumors, which are positive for HER-2/neu (ERBB2). The HER2-positive tumors are now often treated with humanized monoclonal antibody to HER2 protein called trastuzumab in adjuvant, neoadjuvant and metastatic settings. Although, the therapy with trastuzumab is effective, it is not without serious cardiotoxicity in some patients 3, 4 and is very expensive (approximately $50 000-60 000 for 1 year). However, triple-negative breast cancers lack any specific targeted therapy at the current time. 5 The search for more predictive biomarkers is the primary aim and goal of breast cancer research.
In an effort to identify additional predictive biomarkers, we studied androgen receptor (AR) expression in breast cancers. AR has biological and therapeutic utilization in prostate cancer, but its use in breast cancer treatment is limited because of the widespread and effective use of anti-estrogen hormonal therapies and dearth of studies comprehensively analyzing AR expression in breast cancer. 6 Recent literature has shown that Dehydroepiandrosterone and its sulfate have growth inhibitory effects on ER-and PR-negative breast cancer cell lines that show AR expression. [7] [8] [9] The aim of our study was to examine the prevalence of AR positivity in the various subclasses of invasive breast cancer. Of particular interest was the percentage of AR expression in the hormone receptor-negative group and if there were any recurring morphological features that were present in these tumors.
Materials and methods
AR expression was evaluated on 189 consecutive invasive breast carcinomas represented on tissue microarrays with threefold redundancy. Four tissue microarrays were constructed using 0.6 mm cores on manual microarrayer MTA1 from Beecher Instruments, Sun Prairie, WI, USA. Four micrometer microarray sections were immunostained with AR antibody on the Dako automated stainer (Dako North America, Carpinteria, CA, USA). The protocol consisted of a pretreatment in Trilogy with EDTA (Cell Marque, Rocklin, CA, USA), in a steamer 30 min at 95-991C and then cooled at room temperature for 30 min. Slides were then placed on the immunostainer and incubated with the AR antibody (clone AR441; dilution 1:50; Dako). The antigen-antibody complexes were detected by using mouse EnVision þ (Dako). AR expression was semiquantitatively scored using an H-score like method described below. An immunohistochemical score 410 was considered as a positive result.
The tumor ER, PR, and HER2 status was available from pathology reports. Immunohistochemistry for ER and PR was performed using the 6F11 and 1A6 antibodies, respectively, and iVIEW detection on the BenchMark XT (Ventana, Tucson, AZ, USA) at the time of initial diagnosis. At our institution, ER and PR are scored using a semi-quantitative H-score like method which details the percentage of cells showing none, weak, moderate or strong staining. 10, 11 The score is given as the sum of the percent staining multiplied by an ordinal value corresponding to the intensity level (0 ¼ none, 1 ¼ weak, 2 ¼ moderate and 3 ¼ strong). With four intensity levels, the resulting score ranges from 0 (no staining in the tumor) to 300 (diffuse strong staining of the tumor). An immunohistochemical score 410 was considered a positive result for ER and PR. HER-2/ neu protein was analyzed and scored using CB11 antibody and basic DAB detection on BenchMark XT (Ventana, Tucson, AZ, USA). HER-2/neu slides were reviewed and scored as follows: 0 as no membranous reactivity or reactivity in o10% of the tumor cells; 1 þ as faint/barely perceptible membranous reactivity in 410% of the tumor cells; 2 þ as weak to moderate complete membranous staining in 410% of the tumor cells; and 3 þ as strong membranous staining in 430% of the tumor cells. HER-2/neu was considered as negative for immunohistochemical scores 0 and 1. HER-2/neu was considered as positive with either 3 þ immunoreactivity or unequivocal amplification by fluorescence in situ hybridization (PathVysion Vysis dual color FISH by Vysis, Downers Grove, IL, USA) in 2 þ cases. Cases with 'equivocal results' by fluorescence in situ hybridization were considered as negative for HER2 in this study.
Based on semiquantitative ER, PR and HER2 results, the tumors were divided in six groups corresponding to molecular classes as follows: Luminal A (LUMA; ER score of 200 or higher, any PR and HER2 negative), Luminal B (LUMB; ER score of or PR 410 and HER2 negative), ERBB2 (ER and PR score of 10 or less and HER2 positive), Triple Negative (TN; ER and PR score of 10 or less and HER2 negative), Luminal A-HER2 Hybrid (LAHH; ER score 200 or higher, any PR and HER2 positive), Luminal B-HER2 Hybrid (LBHH; ER score of or PR 410 and HER2 positive). 12 As the main distinction between luminal A and luminal B tumors on expression profiling was the quantitative expression levels of ER and ER-related genes, 13 we have used semi-quantitative hormone receptor immunohistochemistry for this distinction. Therefore, our criteria slightly differ from previous studies that used immunohistochemistry as a surrogate for molecular classification. [14] [15] [16] This approach is concordant with the molecular classification, and also helps distinguish between weak ER þ tumors from strong ER þ tumors because these tumors appear to respond differently to hormonal therapy. [17] [18] [19] [20] A few previous studies have also classified luminal B tumors as ER þ /HER2 þ , 14, 16 but we choose to categorize them separately. Although ER þ /HER2 þ tumors tend to cluster with luminal B tumors on gene expression profiling, ER þ /HER2 þ tumors constitute only a minority of luminal B tumors.
The majority (Z70%) of luminal B tumors are negative for HER2. Therefore, pure luminal tumors (LUMA and LUMB) were classified as positive for hormone receptors and negative for HER2. We believe this distinction is necessary as HER2 þ tumors are treated differently and need to be separated from pure luminal tumors, which should be further categorized as luminal A and luminal B tumors.
The tumor AR expression was compared with known clinical-pathologic factors including the above described molecular classes. Apocrine differentiation in the tumor cells was identified based on cytologic features such as abundant granular eosinophilic cytoplasm, cytoplasmic vacuolization/ clearing, round vesicular nuclei, often with prominent eosinophilic (occasionally basophilic) nucleoli. If any of the cytoplasmic and nuclear features were present in combination in 410% of the tumor cells, the tumor was considered to show apocrine differentiation.
Statistical analysis was performed using SPSS software version 16.0. For comparison of means, independent sample t-tests were performed. Univariate analysis was performed using w 2 and Fisher's exact tests to compare the differences in percentages between groups. An ANOVA test was performed to compare mean AR immunohistochemical scores and percentage cellular reactivity among different molecular classes. A P-value o0.05 was considered as significant.
Results
Of the total 189 cases, 151 (80%) were positive and 38 (20%) were negative for AR. The majority of ER þ tumors were also positive for AR (Table 1 and Figure 1 ). Only 8 of the 151 ER þ cases were negative for AR (5%). Interestingly, five of these eight AR-negative cases were also negative for PR. Of these five ER þ /PR-/AR-cases, four belonged to the luminal B class and only one belonged to the luminal A class ( Table 2) . Details of semiquantitative AR immunohistochemical staining for both AR-positive (H-score 410) and AR-negative (H-score 10 or less) cases is provided in Table 3 . There was no significant difference with respect to mean AR H-scores (P-value, 0.806) or mean percentage of cell positivity (P-value, 0.869) in AR þ tumors of different molecular classes. The majority of the positive cases showed nuclear AR reactivity in 480% of the tumor cells. The cases classified as AR negative (H-score 10 or less) were generally completely negative and showed an average reactivity in 1% of the tumor cells with H-scores generally ranging from 0-5 (Table 3) . Table 4 . The results that were significantly associated with AR-negative tumors were of larger tumor size, higher Nottingham grade, and more frequent tumor cell necrosis. Although not statistically significant, a trend for frequent lymph-node metastases was noted for AR-negative tumors.
Among the two ER-negative molecular classes, AR positivity was seen in 8 of 38 (21%) cases (Table 2) ; 10% (3/30) from the triple-negative group and 63% (5/8) from the ERBB2 group. As apocrine differentiation is commonly seen in ERBB2 tumors, 4 of the 5 AR þ ERBB2 tumors showed apocrine differentiation ( Figure 2 ). Of the three AR þ TN tumors, two showed apocrine differentiation ( Figure 3) . Of all the 30 triple-negative tumors, nine showed some degree of apocrine differentiation, but only two were positive for AR.
A comparison of AR þ /ERÀ tumors with ARÀ/ ERÀ tumors is shown in Table 5 . The results that were significantly associated with AR-negative tumors were higher Nottingham grade, and less frequent apocrine differentiation. Although none of the AR þ tumors showed lymph node metastasis, this finding was not statistically significant between AR þ /ERÀ and ARÀ/ERÀ groups, probably because of the small sample size. The results also showed that ER-negative apocrine tumors are commonly AR þ .
Discussion
Similar to ER and PR, AR is also a steroid hormone nuclear receptor, 21 but unlike ER and PR, AR expression in breast cancer is not as widely studied. In limited studies over the last two decades, AR expression has been observed in 470% cases of breast carcinoma. [22] [23] [24] This figure is concordant with the AR expression in 80% of the cases in this study of 189 consecutive invasive breast cancers. Gonzalez et al 22 showed AR reactivity in 74.8% of 111 breast carcinomas using the same antibody clone and dilution used in this study. In a series of 76 breast carcinomas, Isola 23 identified AR expression in 79% cases. In a series of 100 snap-frozen breast cancer tissues, Kuenen-Boumeester identified AR expression in 76% cases. 24 One large study of 488 cases from Poland has shown a lower rate (43.4%) of AR expression in breast carcinoma, but this study also reported much lower rates of ER (39.3%) and PR (24.6%) expression. 25 This study also used the same AR antibody clone and dilution as the a Four were luminal A and 4 were luminal B (see Table 2 ). Five of these eight cases were also negative for PR.
current study and also used antigen retrieval. Whether this lower rate of steroid receptor expression was related to geographical distribution, tissue fixation or somewhat younger age of the patients (average age of 54 years) is unclear. Interestingly, criterion for positivity was not mentioned. Previous studies have also shown an association with ER expression 23 and some reports indicated AR expression in ER-negative tumors. 24, 26 In the last few years our understanding of breast carcinoma has significantly improved with discovery of breast cancer molecular classes using the 
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'intrinsic' gene set, that has prognostic significance. 13, 27, 28 During the same time period, other gene expression-based tests have also proliferated, but the core significance of ER, PR and HER2 as prognostic/predictive markers has not diminished. It appears that broad division of breast cancer into ER-positive and ER-negative groups has enormous biological and clinical significance. Therefore, ER, PR and HER2 have been used as immunohistochemical surrogate markers for molecular classes yielding comparable results. 14, 29 We designed this study to analyze AR expression in breast carcinoma with respect to IHC-defined molecular classes and also its relationship to other clinical-pathological factors.
Our results indicate that almost all ER þ tumors express AR; however, in the ER-negative group, AR expression is predominantly seen in ERBB2 molecular class. A few tumors in the triple-negative group can also express AR and the expression seems to be related to apocrine differentiation in these tumors. This observation has important biological and clinical significance. In 2005, Farmer et al 30 studied 49 locally advanced breast cancers using Affymetrix U133A gene expression microarrays to define a 'molecular apocrine group'. This group was identified in addition to the previously described luminal and basal group. Their 'molecular apocrine tumors' showed more apocrine differentiation compared with other tumors, commonly showed ERBB2 gene amplification and AR signaling was most prominent in this group. Based on their findings, they suggested alternative breast cancer classification as AR þ /ER þ (luminal), AR-/ER-(basal), AR þ /ER-(molecular apocrine). Our results parallel these findings in the fact that within our group of ERBB2 breast cancer, the majority of the tumors had apocrine differentiation (7/8) and five of these eight were also positive for AR. Another similar genomewide analysis of 99 breast cancers and eight breast cancer cell lines, showed a proliferative response to androgen in an AR-dependent and ER-independent manner in MDA-MB-453 cell line. 31 Furthermore, the androgen-induced transcriptional program of MDA-MB-453 significantly overlapped the molecular signature of a unique ER-/PR-subclass of human tumors, which were also characterized by a hormonally regulated transcriptional program and response to androgen. This study provides morphologic and immunohistochemical validation to these gene expression findings. We speculate that 'molecular apocrine' tumors immunohistochemically are either ERÀ/PRÀ/HER2 þ /AR þ or ERÀ/PRÀ/ HER2À/AR þ . Both tumor groups show histological evidence of apocrine differentiation in a large percentage of cases. We also suspect that the ERBB2 tumor class described using 'intrinsic' gene set is very similar, if not identical to the 'molecular apocrine class' described by Farmer et al 30 . However, additional studies with larger number of ERBB2 tumors are required to confirm these findings. Recently, a concern has been raised that IHCbased categorization does not definitively identify the molecular classes defined by intrinsic gene set-based expression analysis. 32 Specifically, it has been mentioned that ERBB2 tumor class consists of some tumors that are 'clinically HER2 negative'. A detailed examination of previous studies and the findings in this study suggests that some triplenegative tumors with apocrine differentiation and AR expression, cluster together with ERBB2 class and likely represent 'molecular apocrine' tumors.
Apart from these molecular studies described above, a few reports in the literature ties up the link(s) between apocrine differentiation, HER2 overexpression and AR expression. In an immunohistochemical study of 23 cases (10 cases of apocrine metaplasia, 3 apocrine ductal carcinoma in situ and 10 invasive apocrine carcinomas), Gatalica 33 identified frequent AR expression, accompanied by loss of ER and PR in apocrine metaplasia and apocrine ductal carcinoma in situ, and to a certain extent in invasive apocrine carcinomas. No HER2 expression was analyzed in this study. Tavassoli et al   34 identified AR expression in five of eight invasive apocrine carcinomas that were negative for ER and PR. Selim and Wells 35 studied 82 cases of apocrine metaplasia (including 18 cases of apocrine adenosis), all of which were positive for AR but negative for ER and PR. We recently reviewed the morphology on 191 cases of invasive carcinoma treated with neo-adjuvant chemotherapy at our institution and found a strong statistically significant association between apocrine differentiation and ERBB2 (ie, ERÀ/PRÀ/HER2 þ ) tumor type (paper under review). HER2 overexpression is also a common phenomenon in mammary Paget's disease and is because of the fact that in majority of instances Paget's disease is an extension of high-grade ductal carcinoma in situ often of the apocrine type. Liegl et al 36 showed co-expression of HER2 and AR in 88% (51/58 cases) of Paget's disease. These subtle morpho-immunohistological associations seem to have a biological basis. Using breast cancer cell lines with 'molecular apocrine' features, Naderi et al 37 showed a functional cross-talk between AR As the majority of breast carcinomas show AR expression, the number of AR-negative tumors was rather limited in this study of consecutive invasive breast carcinomas. However, we still compared and contrasted AR-positive and AR-negative tumors, but did so separately for the ER-positive and ER-negative groups. In both ER-positive and ER-negative groups, AR expression was associated with more favorable clinical and pathological features. AR þ tumors generally tend to be of smaller size, lower Nottingham grade, and less likely to have lymph-node metastasis. Although, these findings need to be explored in more detail with large number of cases; they still appear to be concordant with at least some previous studies, which suggested that AR expression is lost with more aggressive and larger tumors and AR expression in both ER-positive and ER-negative tumors is associated with improved recurrence free survival. [38] [39] [40] [41] The presence of AR expression in ER-negative tumors has a particular prognostic significance. Most ER-negative tumors (ie, ERBB2 and triplenegative tumors) are considered as aggressive, but it appears that AR reactivity can be used to prognosticate these tumors.
One important implication of this study is the use of AR-related targeted therapy for breast cancer, especially for ER-negative/AR-positive tumors. Preclinical studies have shown inhibitory roles of androgens like Dehydroepiandrosterone and its sulfate on ERÀ/PRÀ/AR þ cells lines. Similar approaches can be used for ERÀ/AR þ human breast cancers as an adjunctive therapy. As aromatase enzyme converts androgens into estrogens, it is thought that if androgens are used in the treatment of ERÀ/AR þ tumors, the therapy should be combined with aromatase inhibitors for maximum benefit. 8, 42 The use of AR-related targeted therapy for ER þ breast cancer is somewhat more complicated. The use of androgens may actually stimulate the growth of ER þ cells, 43 as androgen response in ER þ /AR þ cells is different from ER-/AR þ cells. If androgen-related targeted therapy has to be used for ER þ /AR þ tumors, it has to be directed towards inhibition of both AR and ER.
In summary, we have comprehensively examined AR expression in breast carcinomas, and conclude that AR expression parallels ER expression in majority of cases. AR expression in breast carcinomas appears to be a favorable prognostic factor. AR expression in ER-negative tumors can be exploited for an additional targeted therapy.
